Tetrabromobisphenol A (TBBPA), a widely used flame retardant, caused uterine tumors in rats. In this study, TBBPA was administered to male and female Wistar Han rats and B6C3F1/N mice by oral gavage in corn oil for 2 years at doses up to 1,000 mg/kg. TBBPA induced uterine epithelial tumors including adenomas, adenocarcinomas, and malignant mixed Müllerian tumors (MMMTs). In addition, endometrial epithelial atypical hyperplasia occurred in TBBPA-treated rats. Also found to be related to TBBPA treatment, but at lower incidence and at a lower statistical significance, were testicular tumors in rats, and hepatic tumors, hemangiosarcomas (all organs), and intestinal tumors in male mice. It is hypothesized that the TBBPA uterine tumor carcinogenic mechanisms involve altered estrogen levels and/or oxidative damage. TBBPA treatment may affect hydroxysteroid-dehydrogenase-17b (HSD17b) and/or sulfotransferases, enzymes involved in estrogen homeostasis. Metabolism of TBBPA may also result in the formation of free radicals. The finding of TBBPA-mediated uterine cancer in rats is of concern because TBBPA exposure is widespread and endometrial tumors are a common malignancy in women. Further work is needed to understand TBBPA cancer mechanisms.
INTRODUCTION
The potential for toxicities after exposure to chemicals in common household products is often unknown. One area of concern is the lack of information on the carcinogenic potential of flame retardants used to meet fire safety standards in printed circuit boards where tetrabromobisphenol A (TBBPA) is the most commonly used flame retardant (U.S. Environmental Protection Agency 2014). Printed circuit boards treated with TBBPA are found in computers, televisions, and cell phones (U.S. Environmental Protection Agency 2008 Agency , 2014 . It is estimated that TBBPA accounts for 59% of all brominated flame retardants used worldwide (Law et al. 2006) . Products with both additive and chemically bonded forms of TBBPA have been shown to release TBBPA into the environment (Birnbaum and Staskal 2004) . While exposure to TBBPA may be widespread, systematic measurement of TBBPA in human and animal tissues has not been comprehensively studied in the United States, and TBBPA is not included as part of the chemical screening evaluations in the National Health and Nutrition Examination Survey (NHANES) program (Center for Disease Control 2012).
The U.S. Environmental Protection Agency (U.S.EPA 2014) designated a low hazard index for TBBPA based on the evaluation of the available toxicity data. Furthermore, a risk assessment conducted by the European Union did not identify any health concerns in humans exposed to TBBPA (European Risk Assessment Report 2006). TBBPA has a low level of acute toxicity, with oral median lethal dose (LD 50 ) in the gram/kilogram (g/kg) range in rodent models (European Risk Assessment Report 2006) . Following oral exposure, TBBPA appears to have a low systemic bioavailability via rapid conjugation and elimination in the rat (Hakk et al. 2000; Knudsen et al. 2014; Kuester et al. 2007; Schauer, Völkel, and Dekant 2006) . Metabolism of TBBPA may be similar in humans and rodents (Schauer, Völkel, and Dekant 2006; Zalko et al. 2006) . Studies have indicated that TBBPA may perturb thyroid and estrogen homeostasis (Hamers et al. 2006 ; Van der Ven et al. 2008) . Further, in vivo metabolism of TBBPA may include formation of reactive free radicals (Chignell et al. 2008) .
To date, there have been no studies to evaluate the carcinogenic potential of TBBPA. However, other National Toxicology Program (NTP) studies have shown the potential for brominated flame retardants to be multispecies carcinogens (Dunnick et al. 1997) . Brominated flame retardants causing cancer in rodent model systems include 2,2-bis(bromomethyl)-1,3-propanediol (CAS# 3296-90-0); decabromodiphenyl oxide (CAS# 1163-19-5) ; 2,3-dibromo-1-propanol (CAS# 96-13-9); hexabromocyclododecane (HBCD; CAS#s 25637-99-4; 3194-55-6); polybrominated biphenyl mixture (Firemaster FF-1; CAS# 67774-32-7); and tribromomethane (CAS# 75-25-2; Dunnick et al. 1997) .
Because of the lack of cancer data, and the finding that other brominated chemicals are carcinogenic, there was need for additional work to evaluate the TBBPA carcinogenic potential. The TBBPA cancer studies reported here provide information to compare the cancer hazard potential for TBBPA to that of other commonly used brominated flame retardants. These data are important to consider in future risk assessments of TBBPA exposure to humans.
MATERIALS AND METHODS

Experimental Design
TBBPA (Albemarle Corporation, Baton Rouge, LA) was prepared for oral gavage administration in corn oil to deliver the target concentrations of the chemical (0, 250, 500, or 1,000 mg/kg) to rats in a volume of 5-ml/kg body weight and to mice at a volume of 10-ml/kg body weight. Animals were dosed 5 days/week for 13 weeks.
Doses for this 2-year study were based on results from 3-month studies, which showed no treatment-related effects on survival, clinical signs, or treatment-related lesions except for kidney cytoplasmic alteration (decreased cytoplasmic vacuoles) in male mice at 500 or 1,000 mg/kg. Because the 3-month study did not reveal any TBBPA effects that would compromise a 2-year study, the high dose selected for the 2-year study was 1,000 mg/kg (National Toxicology Program [NTP] 2014).
Male and female Wistar Han rats [Crl:WI(Han)] (referred to as Wistar Han rats) were obtained from Charles River Laboratories (Raleigh, NC) and B6C3F1/N mice from Taconic Farms, Inc. (Germantown, NY). At the start of the study, the animals were 5 to 6 weeks of age. The animals were housed by species and sex, 2 to 3 male rats per cage, 5 female rats per cage, 1 male mouse per cage, and 5 female mice per cage. Tap water and NTP-2000 diet (Zeigler Brothers, Inc. Gardners, PA) were made available ad libitum. The care of animals on this study was according to National Institutes of Health (NIH) procedures as described in the ''The U. 
Necropsy and Pathology
All tissue collections, necropsies, tissue processing, and histopathological examinations were performed according to NTP specifications (http://ntp.niehs.nih.gov/ntp/test_info/finalntp_ toxcarspecsjan2011.pdf). NTP guidelines were used for all nomenclatures (http://ntp.niehs.nih.gov/nnl/). Histological examinations were performed by board-certified anatomic veterinary pathologists with experience reading these types of studies.
Complete necropsies were performed on all animals when moribund, when found dead, or at the end of the 2-year exposure period. When possible, causes of death were attributed to all animals that were found dead. At necropsy, all organs and tissues were examined for grossly visible lesions. Tissues were preserved in 10% neutral-buffered formalin, embedded in paraffin, sectioned, and stained with H&E. The following tissues were examined microscopically from male and/or female animals: gross lesions and tissue masses, adrenal gland, bone with marrow, brain, cervix, clitoral gland, esophagus, eyes, gallbladder (mice only), Harderian gland, heart, large intestine (cecum, colon, and rectum), small intestine (duodenum, jejunum, and ileum), kidney, liver, lungs, lymph nodes (mandibular and mesenteric), mammary gland, nose, ovary, pancreas, parathyroid gland, pituitary gland, preputial gland, prostate gland, salivary gland, skin, spleen, stomach (forestomach and glandular), testis with epididymis and seminal vesicle, thymus, thyroid gland, trachea, urinary bladder, and uterus with cervix and vagina. Following completion of the studies, histopathology diagnoses were confirmed by NTP pathology peer reviews (Boorman and Eustis 1986; Hardisty and Boorman 1986 ).
There were reviews of the female rat reproductive tissues termed the ''original transverse review'' and the ''residual longitudinal review.'' The original review involved a transverse section through each uterine horn, approximately 0.5-cm cranial to the cervix, and an evaluation of gross cervical and vaginal lesions. The residual longitudinal review involved collection and evaluation of remaining uteri, vaginas, and cervices stored in formalin and sectioned in a longitudinal manner. The weight of uterine tumor masses, when observed at necropsy, was taken.
Immunohistochemical Staining
An indirect immunoperoxidase procedure was performed. Formalin-fixed paraffin-embedded sections were incubated with Declere solution (Catalog No. 921P; Cell Marque, Rocklin, CA) for 15 min in a pressure cooker. The slides were then rinsed twice in phosphate-buffered saline, 0.15M NaCl, pH 7.2 þ 0.05% Tween 20 (PBST). Next, endogenous peroxidase was blocked by incubating the slides with 3% hydrogen peroxide for 10 min and then rinsed twice with PBST. The slides were then treated with a protein block designed to reduce nonspecific binding for 20 min. The protein block was prepared as follows: PBST þ 1% bovine serum albumin (BSA) and 1.5% normal donkey serum. Following the protein block, the primary antibodies (detection antibody, negative control antibody, or assay control [buffer alone]) were applied to the slides and incubated for 1 hr at room temperature. Next, the slides were rinsed twice with PBST, and the biotinylated secondary antibody (donkey anti-mouse IgG, Catalog No. 715-065-151; Jackson ImmunoResearch) was applied to the slides for 30 min. Then, the slides were rinsed twice with PBST, reacted for 30 min with the ABC Elite reagent (Catalog No. PK-6100; Vector Laboratories), and rinsed twice with PBST. Next, DAB (Catalog No. D4418; Sigma-Aldrich) was applied for 4 min as a substrate for the peroxidase reaction. All slides were rinsed with tap water, counterstained, dehydrated, and mounted. PBST þ 1% BSA served as the diluent for the primary antibodies and ABC Elite reagent. PBST þ 1% BSA and rat IgG (diluted 1:25) served as the diluent for the secondary antibody.
Statistical Analysis
Survival was compared among dose groups using Tarone's (1975) life table test to test for dose-related trends and Cox's (1972) proportional hazards method for pairwise comparisons of each dose group to the control group. The poly-3 test, which takes survival differences into account, was used to assess neoplastic and nonneoplastic lesion incidences (Bailer and Portier 1988; Piegorsch and Bailer 1997; Portier and Bailer 1989) . When applied to all exposure groups, this test evaluated the significance of a doserelated trend in lesions; when applied to the control group and 1 exposure group, the test evaluated the significance of the pairwise difference of lesion incidence in the exposed group compared to the control group, without correction for multiple testing. Historical control data for the mice were taken from the NTP (2014) Historical Control Report; there were too few historical NTP studies in Wistar Han rats to report historical control data for the rats.
RESULTS
Body Weights and Survival
There were no treatment-related clinical signs or mortality in rats. Body weights of high-dose male rats were 12% lower than controls; the body weights of the other dosed rat groups were within +10% of controls (Table 1 ). There were no treatment-related clinical signs or mortality in the 250 or 500 mg/kg mouse groups, and body weights in these treated groups were within +10% of controls. However, while there were no apparent clinical signs of toxicity in high-dose male and female mice (1,000 mg/kg), there was early treatment-related mortality that was not associated with tumors. This early mortality may have been related to forestomach toxicity. The highdose male and female mouse groups were, thus, considered inadequate for evaluating the occurrence of tumors (Table 1) .
Histopathology Findings Rat uterine findings
The most significant pathologic findings were treatmentrelated increases in uterine tumors in rats (Table 2 ). This included increases in the incidences of uterine adenomas and adenocarcinomas. In addition, there were 6 animals in the treated groups that presented with malignant mixed Müllerian tumors (MMMTs). Uterine atypical hyperplasia (considered a preneoplastic lesion) was also found in treated rats.
Treatment-related increases in rat uterine tumors were seen in the original, residual, and combined original and residual tissue reviews ( Table 2 ). The combined incidence of uterine adenoma, adenocarcinomas, or MMMTs, was significantly increased in the top 2 dose levels. In the combined original and residual tissues, 6 (12%) of 50 control rats had uterine tumors versus 11 (22%) of 50, 16 (32%) of 50, and 19 (38%) of 50 in the 250, 500, or 1,000 mg/ kg groups, respectively. Uterine masses were observed grossly at necropsy in 3 control rats, and, respectively, 7, 5, and 9 rats in the 250, 500, or 1,000 mg/kg groups. These uterine masses were up to 30 mm Â 20 mm in size. Uterine tumor metastases were seen throughout the body. In general, animals with larger uterine masses had many uterine metastatic lesions. Although the numbers were limited, the metastatic rate for MMMTs was 76% (4 of 6) while the metastatic rate for adenocarcinomas was 24% (11 of 45). Normal uterine endometrial glands are lined by a single layer of well-differentiated cuboidal to columnar epithelium ( Figure  1A ). Uterine adenomas were solitary and well-delineated, characterized by a collection of endometrial glands that were typical in appearance, with little to no compression of surrounding tissue and no invasion of the adjacent endometrium or myometrium. The epithelium consisted of a single layer of welldifferentiated cuboidal to columnar epithelium without stratification and surrounded by a delicate fibrous stroma. Adenocarcinomas were generally large with invasion into the surrounding myometrium. The neoplastic epithelium was composed of enlarged pleomorphic epithelial cells arranged as solid nests, cords, papillary, or acinar structures, within or supported by a fibrovascular stroma ( Figure 1B ). Moderate to marked cellular pleomorphism and atypia were observed. The epithelium was anaplastic in some cases with stratification of multiple cell layers forming solid sheets of epithelial cells that extended through the uterine wall. Large areas of necrosis and suppurative inflammation were also associated with larger tumors. MMMTs were composed of a mixture of neoplastic epithelial and mesenchymal cells ( Figure 1C ). All MMMTs were large and infiltrative, composed of areas with neoplastic glandular formation and areas of solid neoplastic cells. In the areas of glandular formation, the tumors were similar to adenocarcinomas. In the more solid areas, there was an admixture of neoplastic epithelial and mesenchymal cells arranged in sheets, streams, and/or interweaving bundles. The neoplastic cells were large and pleomorphic with large to elongate nuclei, an open chromatin pattern, a single and sometimes multiple magenta nucleoli, and bizarre mitotic figures. Cytokeratin and vimentin immunohistochemical stains were used to better characterize these areas ( Figures 1D, E) . Cytokeratin stained the neoplastic epithelial component of MMMTs. The staining was generally cytoplasmic and granular (Figure 1d) . Vimentin stained the cytoplasmic portion of neoplastic mesenchymal cells ( Figure 1E ). In some cases, individual neoplastic cells stained with both cytokeratin and vimentin (dual positivity). In one animal, there was neoplastic bone proliferation (heterologous type of MMMT; Kaspareit-Rittinghausen and Deerberg 1990).
The review of residual tissue revealed another treatmentrelated lesion-atypical endometrial hyperplasia (Table 2 ). This lesion involved both the luminal and the glandular epithelium. Normal uterine glandular and luminal epithelium consists of a single layer of simple cuboidal to columnar cells with basally located nuclei (nuclear polarization), and the normal uterine glands are typically separated by endometrial stroma. In atypical hyperplasia of the surface epithelium, numerous small branching papillary projections of epithelium extended into the uterine lumen, occasionally on small fibrovascular stalks. There was frequent epithelial bleb formation, cellular atypia, and loss of nuclear polarization. Clusters of enlarged glands separated by little to no stroma and lined by tall, stratified, disorganized epithelium characterized the glandular atypical endometrial hyperplasia. The thickened epithelium would frequently project into the lumens, forming multiple thickened infoldings and projections. There was cellular pleomorphism, loss of nuclear polarization, karyomegaly, and increased mitoses ( Figure 1F ).
Other findings
In the testes of treated male rats, atrophy of the germinal epithelium and testicular interstitial cell adenomas (Table 3) was observed.
A few intestinal tumors were found in treated male mice and were diagnosed as either adenoma or carcinoma of the cecum or colon. When these tumors were combined (0 of 50, 0 of 50, 3 of 50 [6%] in the 0, 250, and 500 mg/kg groups, respectively), there was a statistically significant positive trend and the incidence in the 500 mg/kg group exceeded the historical control ranges for tumors of the large intestines among corn oil gavage (0/250, 0%) and all routes historical controls (4 of 950, 0-2%; Table 3 ). In addition to these large intestinal tumors in male mice, an adenoma of the rectum occurred in one female mouse in the 500 mg/kg group. The occurrence of hepatoblastomas in male mice with incidences of 2 of 50, 11 of 50, and 8 of 50 (0, 250, and 500 mg/kg groups, respectively) was considered to be evidence of a carcinogenic effect (Table 3 ). The incidence in the 250 and 500 mg/kg groups (22% and 16%, respectively) was at least fourfold greater than the incidence for this tumor in the concurrent vehicle controls (4%) and was outside of the range for this tumor in the historical controls (9.250, 0-6%) for corn oil gavage controls and for all routes historical controls (40 of 949, 0-12%). There was supportive evidence for a liver carcinogenic effect because of the increases in liver foci and multiple hepatocellular adenomas in treated groups of male mice.
The occurrence of hemangiosarcoma (all organs) in male mice was considered to be a carcinogenic effect because of the significantly increased incidence at 500 mg/kg and the trend test was significant (Table 3 ). There were no treatmentrelated tumor responses in female mice.
The incidence of renal tubule cytoplasmic alteration was significantly increased in treated male mice in the 2-year study (Table 3) . Cytoplasmic alteration of the renal tubule is a lesion that is defined as the reduction or loss of normal vacuoles in the proximal tubules of the outer cortex in male mice. These are autophagic vacuoles that are part of the normal sequestration and degradation of organelles and membrane trafficking and recycling in the renal proximal tubular cells (Koenig et al. 1980) . Forestomach lesions that were significantly increased in treated mice included ulcers, mononuclear cellular infiltrates, inflammation, and epithelial hyperplasia. The mononuclear cellular infiltrates were part of a robust immune response present within the mucosa, submucosa, and tunica muscularis underlying areas of ulceration. This lesion consisted of a collection of immune cells, predominately lymphocytes, with occasional germinal center formation. The inflammation and hyperplasia were also secondary to the ulceration.
DISCUSSION
The U.S. EPA (2014) currently assigns a low hazard level for TBBPA exposure. However, the studies reported here demonstrate that long-term TBBPA exposure induced uterine tumors in rats. Additional sites for TBBPA tumor induction included testis (rat) and liver, large intestine, and vascular system (male mice).
The initial rat uterine neoplastic findings were based on the traditional NTP histopathology review of a transverse section Note. Sufficient number of high-dose mice did not live for 2 years, and this group was not used in cancer evaluations. a n ¼ 50 animals were examined microscopically in each dose group, except as noted. Mean severity grade. c n ¼ 49 animals were examined microscopically in the 1,000 mg/kg group. d n ¼ 48 animals were examined microscopically in the 1,000 mg/kg group. Significant at a nominal *p .05 and **p .01. Poly-3 trend test under control column; pairwise test under dose groups. through each uterine horn 0.5 cm from the cervix/body of the uterus. Cervix and vagina were not present in the original evaluation, except where a gross identification of a lesion was made at necropsy. Ovaries and oviducts were all collected and examined in the original review and no treatment-related lesions were present.
The main reason for the second uterine tissue review (i.e., residual longitudinal uterine tissue evaluation) was to determine the site of origin for the grossly identified cervical and vaginal tumors. In the second uterine tissue review, longitudinal sectioning was done to afford the most area of tissue for evaluation. There was no sampling bias because all uterine horns, cervices, and vaginas from all animals were collected and evaluated in this residual uterine tissue review.
The findings from the initial transverse uterine tissue evaluation, the second longitudinal uterine tissue evaluation, and the combined initial and residual longitudinal uterine evaluations showed treatment-related uterine tumors in rats. Although a call for clear carcinogenicity would have been made on the initial evaluation, the additional tumors identified in the residual longitudinal review supported, and provided more confidence for, the initial findings.
TBBPA uterine lesions in the rat included increases in adenomas, adenocarcinomas, MMMTs, and atypical endometrial hyperplasia. The uterine adenomas were well-circumscribed endometrial masses with no evidence for invasion into the myometrium. In contrast, uterine adenocarcinomas and MMMTs were less well circumscribed, with evidence of invasion into the myometrium and in some cases metastasis to other tissues.
The MMMTs are uncommon tumors, thought to arise from a pluripotent Müllerian duct cell. They are composed of a mixture of neoplastic epithelial and neoplastic mesenchymal cells. For statistical analysis, MMMTs were combined with the uterine adenomas and adenocarcinomas because, based on our knowledge of histogenesis of this tumor from the human literature, the epithelial component is considered to be the ''driving force'' of the tumor and the mesenchymal component is considered to be derived from the epithelial component. Evidence for this histogenesis theory includes clinical, histopathological, immunohistochemical, ultrastructural, tissue culture, and molecular data (McCluggage 2002) . As an example, the behavior of human MMMTs is more related to the type and grade of the epithelium rather than the mesenchymal component. For this reason, treatments are generally aimed at the epithelial component. Moreover, metastases tend to be the epithelial component, as was the case for all metastatic uterine tumors in this study.
Dysregulation of the cell cycle and apoptotic regulatory proteins have been reported to be involved in MMMT cancer pathways (Kanthan, Senger, and Diudea 2010) . In humans, MMMTs account for about 5% of all malignant tumors derived in the body of the uterus and are highly malignant and associated with a poor prognosis (Gupta, Dudding, and Smith 2012; Voutsadakis 2012) . Risk factors are similar to those for uterine adenocarcinomas and include obesity, exogenous estrogen therapies, nulliparity, tamoxifen therapy, and pelvic irradiation. There are 2 types of MMMTs that display differentiation along multiple pathways (van den Brink-Knol and van Esch 2010) : the more common homologous type contains a sarcomatous component that is made up of tissues normally present in the uterus, such as endometrial, fibrous, or smooth muscle tissues, whereas the heterologous type is made up of both uterine tissue and tissue not normally present in the uterus such as cartilage, skeletal muscle, or bone. Both MMMT tumor types were seen in this TBBPA study. MMMTs are rarely seen in rodents, but have previously been described as rare spontaneous tumors in the Wistar Han rat (van den Brink- Knol and van Esch 2010) .
Atypical endometrial hyperplasia was significantly increased in the treated groups of rats and was only identified in the residual longitudinal study because of the additional uterine tissue available for evaluation. Atypical endometrial hyperplasia is considered a preneoplastic lesion in women (Bartels et al. 2012; van der Zee et al. 2013; Silverberg 2000) . It is diagnosed as simple (which is rare) or complex (which is more common), depending on the architectural changes in the lesion. In this rat study, the atypical hyperplasia was morphologically consistent with the complex type. Cystically dilated glands with mostly pseudostratified epithelium define simple atypical hyperplasia, whereas the complex atypical hyperplasia is defined by a greater degree of glandular proliferation and reduction of intervening stroma. In both, there are atypical changes in epithelial cells, including cell stratification, tufting, and loss of nuclear polarity, enlarged nuclei, and an increase in mitotic activity. These changes are similar to those seen in true cancer cells, but atypical hyperplasia does not show invasion into the surrounding connective tissue. Most cases of atypical hyperplasia in women result from high levels of estrogens with insufficient levels of progesterone-like hormones. Risk factors include obesity, polycystic ovary syndrome, estrogenproducing tumors (e.g., granulosa cell tumor), and some estrogen replacement therapies. The presence of atypical hyperplasia is considered a significant risk factor for the development or coexistence of endometrial cancer. Among patients with atypical endometrial hyperplasia, about 25% will eventually develop cancer (Kurman, Kaminski, and Norris 1985) .
In this study, a major hypothesis for the TBBPA-related uterine cancer formation is through effects on estrogen homeostasis. TBBPA caused weak cell proliferation response in the estrogen-sensitive human breast cancer cell line (MCF-7) and was not predicted to be a uterine carcinogen (Kitamura et al. 2005; Samuelsen et al. 2001; Uhnakova et al. 2011) . However, other studies suggest that exposure to TBBPA could result in decreased estrogen metabolism. TBBPA is detoxicated and eliminated by conjugation with glucuronic acid and/or sulfate (Figure 2 ; Hakk et al. 2000; Knudsen et al. 2014; Kuester et al. 2007 ). Estradiol also utilizes sulfotransferases for its systemic transport and elimination (Raftogianis et al. 2000) , and binding affinities for TBBPA and estradiol to sulfotransferases are similar (Gosavi et al. 2013) . In humans, formation of estrogen sulfoconjugates results in loss of binding to the estrogen receptor as well as increased renal excretion of estrogen (Raftogianis et al. 2000) . By competing with estrogen for sulfotransferase, TBBPA exposure could decrease estrogen excretion, resulting in elevated levels of the hormone in the uterus, and, thus, increase the carcinogenic risk at this site (Karageorgi et al. 2011) . TBBPA-induced uterine tumors were not seen in mice, and this may be because estrogen homeostasis is less affected in mice than in rats due to differences in the capacity and/or capability of conjugating enzymes (Burka, Sanders, and Matthews 1996) . In a previous study, bromoethane exposure was associated with uterine tumor formation in mice: however, no bromoethane effects on estrogen homeostasis were evident (Bucher et al. 1995) .
Another way by which TBBPA may enhance estrogen activity in rats is suggested by the finding that TBBPA inhibits hydroxysteroid-dehydrogenase-17b (HSD17b) in in vitro assays (NIH Molecular Libraries Screening Center Network 2014). HSD17b converts active estradiol into less active estrone (Blom et al. 2001; Karageorgi et al. 2011) , and, thus, a TBBPA-induced inhibition of HSD17b could increase estrogen activity. Elevated or prolonged estrogen levels in the uterus could result in increased levels of mutagenic estrogen metabolites, such as catechols, capable of forming DNA adducts (Liehr 2000) and elevating the risk for genetic damage (Cavalieri and Rogan 2014) . Currently, work is being conducted at the gene expression level to elucidate effects of TBBPA on estrogen homeostasis in female Wistar Han rats.
In rats, there were a few testicular tumors in the TBBPAtreated groups. The occurrence of these tumors may also have been related to altered homeostasis (in this case, alterations in male hormones). Studies in the literature report that TBBPA may have a weak androgenic activity (Huang et al. 2013) .
Metabolic activation of TBBPA could be a causal factor for toxicities in other tissues, such as the lesions observed in the liver of mice. A mode of action has been proposed to explain similar effects in studies of other brominated chemicals (Dunnick et al. 1997) . That is, cleavage of a bromine-carbon bond of TBBPA could be speculated to result in the formation of DNA-damaging free radicals and adducts. However, evidence indicates that debromination is not a major metabolic pathway for TBBPA in rats. Low concentrations of conjugated or free tribromobisphenol A were detected in plasma and feces samples of some male rats receiving an oral dose of 300 mg TBBPA/kg (Schauer, Völkel, and Dekant 2006;  Figure 2 ). However, debrominated metabolites were not detected in plasma or feces of several well-conducted metabolism studies of orally administered TBBPA to rats (Hakk et al. 2000; Knudsen et al. 2014; Kuester et al. 2007) . Another putative reactive metabolite of TBBPA, 2,6-Dibromohydroquinone radical (Figure 2) , was detected by electron paramagnetic resonance (spin trapping) in bile following TBBPA administration to rats (Chignell et al. 2008) . The radical would arise as a result of oxidative cleavage of the TBBPA molecule. However, this pathway of radical formation in rats also appears to be minor and was not observed in other in vivo metabolism studies of TBBPA (Hakk et al. 2000; Knudsen et al. 2014; Kuester et al. 2007) . It is plausible that reactive intermediates play a greater role in TBBPA-induced toxicity in mice based on the differences in target tissues between the two species. For instance, the lesions observed in target tissues of mice could result from oxidative stress (e.g., forestomach toxicity). Further, as animals age they have reduced capacity to combat oxidative damage, and this ''aging'' effect may have played a role in this toxicity (Kregel and Zhang 2007; Rahman et al. 2001; Salmon, Richardson, and Perez 2010) . Finally, elemental bromine itself is a known irritant to skin, lung, and the gastrointestinal tract (Makarovsky et al. 2007 ). Common target tissues for the brominated chemicals studied previously by the NTP were lung, forestomach, and intestines (Dunnick et al. 1997) .
It is unusual to find evidence of chemical-induced uterine tumors in rodent toxicity studies. The Interagency for Research on Cancer recently reviewed those chemicals causing uterine cancers in humans and animals (International Agency for Research on Cancer [IARC] 2012). Among these chemicals is tamoxifen, which causes uterine cancers in both Wistar Han rats and in humans. It is unknown if TBBPA poses a carcinogenic risk to humans; however, it seems plausible that TBBPA exposure could influence estrogen homeostasis in humans in a dose-dependent manner. Furthermore, other environmental pollutants may compete with estrogen sulfonation (Gosavi et al. 2013) . Additive effects of these exposures could decrease the internal TBBPA dose needed for a biological response.
The occurrence of TBBPA uterine tumors in this study is of concern because TBBPA exposure is widespread and endometrial tumors are the fourth most common malignancy in women in the United States, with an estimated 50,000 new cases per year (Siegel, Naishadham, and Jemal 2013) . Endometrial cancer in humans is most often associated with estrogen exposure (Rizner 2013 ). The results of the studies reported here suggest that long-term exposure to TBBPA may lead to carcinogenic effects in rodents, and further work is needed to understand TBBPA cancer mechanisms.
